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The crystal structure of peanut peroxidase
David J Schuller1, Nenad Ban2, Robert B van Huystee3, 
Alexander McPherson2 and Thomas L Poulos1,4*
Background:  Peroxidases catalyze a wide variety of peroxide-dependent
oxidations. Based on sequence alignments, heme peroxidases have been divided
into three classes. Crystal structures are available for peroxidases of classes I
and II, but until now no structure has been determined for class III, the classical
extracellular plant peroxidases. 
Results:  The crystal structure of peanut peroxidase has been solved to 2.7 Å
resolution. The helical fold is similar to that of known peroxidase structures. The
294-residue polypeptide chain is accompanied by a heme and two calcium ions,
and there is some evidence of glycosylation.
Conclusions:  This is the first complete structure of a class III peroxidase and as
such should serve as a model for other class III enzymes including the much-
studied horseradish peroxidase. It may also aid in the interpretation of functional
differences between the peroxidase classes. Ten helices conserved in class I
and II peroxidases are also found in peanut peroxidase. Key residues of the heme
environment and the location of two calcium ions are shared with class II
peroxidases. Peanut peroxidase contains three unique helices, two of which
contribute to the substrate access channel leading to the heme edge.
Introduction
Peroxidases and related catalases hold a venerable posi-
tion in enzymology. This is one of the most extensively
studied groups of enzymes and the literature is rich in
reviews and basic research papers dating back to the early
part of this century. The extracellular plant peroxidases,
particularly horseradish peroxidase isozyme C (HRP C),
helped to usher in the modern era of enzymology dating
back to the 1920s and 1930s (see [1] for a recent review).
The formation of spectroscopically distinct intermediates
during the peroxidase catalytic cycle helped to shape the
development of steady-state and rapid reaction kinetics
methodologies in the 1940s [2]. Peroxidases are, therefore,
of considerable historical significance. 
The overall catalytic cycle of a typical heme peroxidase is
as follows: 
Fe3+ P + H2O2 → Fe4+=O P× + H2O (1)
compound I
Fe4+=OP× + S → Fe4+=O P + S× (2)
compound II
Fe4+=OP + S → Fe3+ P + H2O + S× (3)
As depicted in equation 1, the enzyme is oxidized by a
peroxide molecule to give compound I. One electron is
removed from the heme iron to give the oxyferryl
(Fe4+=O) center and a porphyrin p-cation radical (P.) [3].
The substrate, S, reduces the porphyrin radical to com-
pound II, which is followed by the reduction of the
oxyferryl center by a second molecule of substrate. 
These enzymes exhibit little substrate specificity and are
able to oxidize a variety of organic substrates and dyes.
The brilliant color change of some substrates upon oxida-
tion is the basis for using peroxidases as markers in many
biochemical applications. The biological role of peroxi-
dases is thought to include plant cell wall metabolism,
wound defense and plant hormone metabolism [4].
Heme peroxidases contain a single polypeptide chain,
about 300 residues in length, with a single non-covalently
bound heme. They have been categorized into three
classes based on sequence alignments and biological
origin [5]. Class I, the intracellular peroxidases, includes
yeast cytochrome c peroxidase (CCP) and a number of
plant and bacterial peroxidases found in the cytosol or
chloroplasts. Secretory fungal peroxidases form class II.
These enzymes are monomeric glycoproteins with four
conserved disulfide bridges and two conserved calcium
sites. The secretory plant peroxidases, or classical plant
peroxidases, form class III. These also are monomeric
glycoproteins with four conserved disulfide bridges and
two calcium ions, although the placement of the disulfides
differs from the class II enzymes.
Two crystal structures of class I peroxidases have been
reported. CCP was the first peroxidase structure solved
and therefore has served as the archetype for
structure/function studies [6]. CCP is included in class I
on the basis of its sequence similarity to other class I
enzymes, although it stands out in several respects: it is a
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yeast mitochondrial enzyme; the substrate is cytochrome c
rather than a small molecule; and CCP is a monomer.
Most of the other class I enzymes are dimers or tetramers.
Recently, the structure of dimeric pea cytosolic ascorbate
peroxidase (APX) has been solved and is probably a more
typical example of a class I peroxidase [7].
Four structures of class II enzymes have been published.
The first to appear was the structure of lignin peroxidase
from Phanerochaete chrysosporium (LIP) [8]. Subsequent
structures include an independent solution of LIP [9],
manganese peroxidase from P. chrysosporium [10], and the
fungal peroxidases from Arthromyces ramosus (ARP) [11]
and Coprinus cinereus (CIP) [12]. ARP and CIP share the
same polypeptide sequence. Other available peroxidase
structures, such as bacterial di-heme peroxidase [13] and
myeloperoxidase [14], are not considered part of the same
superfamily and are not structurally related to the heme
peroxidases discussed here. 
Until now, no complete structure determination has been
reported for a class III peroxidase. Preliminary reports
have appeared of a structure for HRP isozyme E5 [15], but
a detailed description of the structure has never been pre-
sented. The major cationic peanut peroxidase (PNP; E.C.
1.11.1.7), belongs to class III and shares 50% sequence
identity with the most thoroughly studied enzyme in the
class, HRP C [16]. Crystallization of PNP has been
achieved [17] and here we report the structure of PNP as
the first example of a class III peroxidase structure. 
Results and discussion
Structure solution
Various models of CCP, LIP and APX with and without
side chains were used as molecular replacement search
models. The only successful solution occurred with a
polyalanine model based on APX residues 12–246 in addi-
tion to the heme. PNP shares 25% sequence identity with
APX. The molecular replacement solution was used to
phase difference Fourier maps in order to screen the
heavy-atom soak data. This identified a single useful iso-
morphous derivative. Molecular replacement model
phases were combined with the isomorphous phases and
the combined phase set was extended to the full native
resolution. This procedure proved quite effective for over-
coming both the molecular replacement model bias and
the poor quality of the isomorphous data. 
A Ca trace of PNP appears in Figure 1. The asymmetric
unit contains two molecules (A and B) of PNP. Each mol-
ecule contains 294 residues of polypeptide, one heme and
two calcium atoms. The asymmetric unit also contains one
b-N-acetylglucosamine (NAG) group attached to Asn144
of molecule B and 99 solvent atoms. The electron-density
map did not support the presence of a cysteine side chain
for residue 25 in either molecule as expected from the
sequence [16], and this residue was replaced with an
alanine in the model. The density for the side chain of
residue 1 is not clear but has been included in the model,
although its disorder is reflected by a high temperature
factor. Residue 1 has been modeled as a pyrrolidone car-
boxylic acid (PCA or pyroglutamate) on the basis of
unpublished data (RBvH) and biochemical evidence from
other class III peroxidases [18]. 
Overall structure
In the following discussion, the structure of PNP will be
interpreted in the context of existing peroxidase struc-
tures from class I and II. CCP is included because of its
status as the first peroxidase structure and its subsequent
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Figure 1
Stereo Ca trace of PNP molecule A, with
every 20th residue labeled. The calcium
atoms and potential glycosylation sites Asn60,
Asn144 and Asn185 are also labeled. (Figure
prepared with SETOR [56].)
role in structure/function studies. APX is included as a
more typical class I structure, and also as the molecular
replacement search model used to solve the PNP struc-
ture. LIP represents the class II peroxidases as the first
structure of that class. 
PNP exhibits the same helical fold as the peroxidases
belonging to classes I and II (Fig. 2). An alignment of
polypeptide sequences based on superimposition of the
structures is shown in Figure 3. Ten of the helices, A–J,
have similar positions in all the peroxidases. PNP lacks
the short helix B′ which is found in all known class I and
II structures. Instead it has a surface loop with a glycosyla-
tion site at Asn60. PNP also possesses three additional
helices not found in any of the other known structures.
These are highlighted in green in Figure 2. A small helix,
D′, is inserted between helices D and E in the sequence.
A more significant insertion occurs between helices F and
G which contributes two additional helices, F′ (residues
179–184) and F′′ (residues 191–200). One of the four
disulfide bridges, Cys176–Cys201, ties the ends of this
insertion together. This insertion in PNP occupies roughly
the same space as the antiparallel b-sheet structure in
CCP and a piece of random coil in LIP, although those
features are situated after helix G in their respective
sequences. Of the known structures, only APX lacks
something to fill this volume. The segment between
helices F and H, along with the N and C termini, is one of
the most variable regions in the peroxidases with respect
to both the crystal structures and sequence alignments
(Figs 2,3). The placement of the insertion of class III per-
oxidases before helix G was first predicted in the alterna-
tive sequence alignment of Welinder [5]. PNP contains no
b-sheet structure.
The N and C termini differ in the various peroxidases.
The PNP N terminus is approximately the same length as
that of APX, and shorter than those of LIP and CCP. The
N terminus of PNP is tied down at the start of helix A by
the Cys11–Cys91 disulfide bond.
In PNP, the C terminus is tied to the start of helix D by
the Cys97–Cys290 disulfide bridge. LIP has the longest
C terminus of the four structures depicted, with the chain
following a circuitous path before ending up near helix C,
behind the molecule as viewed in Figure 2. In CCP, the
C-terminal tail extends around the side of the molecule
near helix A, whereas the C terminus of APX is short,
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Figure 2
Ribbon diagrams of yeast cytochrome c
peroxidase (CCP), pea cytosolic ascorbate
peroxidase (APX), lignin peroxidase from 
P. chrysosporium (LIP) and peanut peroxidase
(PNP) with helices labeled. Conserved helices
appear in blue and the b-sheet of CCP in
violet. The hemes are displayed in red and the
proximal histidine ligands in pink. Disulfide
bonds appear in yellow. Bound cations are
shown as orange spheres and the helices
unique to PNP are highlighted in green.
(Figure prepared with SETOR [56].)
ending shortly after helix J. The differences in location of
the C-terminal residues may have functional significance,
at least in CCP, in which Glu290 near the C terminus has
been implicated in formation of the CCP–cytochrome c
electron transfer complex [19].
Heme environment
All the key features found in the heme environment of the
other peroxidase structures are maintained in PNP
(Fig. 4). The proximal heme ligand is His169, which is
hydrogen bonded through its Nd1 atom to the buried car-
boxylate group of Asp239. The His–Asp hydrogen bond is
a characteristic feature in peroxidases and is probably
responsible for imparting a more imidazolate character to
the proximal histidine ligand relative to the globins [20].
The corresponding interaction in the globins is a hydrogen
bond from histidine to a backbone carbonyl oxygen. 
Directly adjacent and parallel to the proximal histidine
ligand is Phe213. LIP also has a phenylalanine filling this
position. The sequence alignment in Figure 3, which is
based on a-carbon coordinates, shows that the backbone
placement for this residue varies, although the side-chain
position is fairly consistent. Some class III peroxidases
contain a leucine at this position instead of an aromatic
residue [21]. The only available structure so far with a
leucine at this site is that of the class II peroxidase ARP
[11]. The corresponding residue in CCP is Trp191, which
is also the site of free radical formation in CCP compound I
[22,23]. Tryptophan is more readily oxidized than pheny-
lalanine and this may explain why CCP forms a stable free
radical centered on Trp191 while other peroxidases form a
porphyrin radical. However, APX also has a tryptophan at
this position [7], yet APX forms a porphyrin p-cation
radical rather than a tryptophan radical [24]. Moreover, the
corresponding tryptophan in APX is not essential for activ-
ity [25], whereas Trp191 is critical for the electron transfer
function of CCP [22]. Clearly, the explanation for what
controls the radical location of compound I goes beyond a
single amino acid difference. Patterson and Poulos [7] have
postulated that the proximal cation-binding site, described
below, helps to control the electrostatic environment of the
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Figure 3
Alignment of CCP, APX, LIP and PNP
sequences based on a structural
superposition, with the sequence of HRP C
added based on an alignment of HRP C and
PNP. The secondary structure of PNP is
indicated in the shaded row labeled ‘PNP 2D’.
Residues for which the Ca coordinates
superimpose with a root mean square
deviation of <6.0 Å are displayed in bold
upper-case characters and are boxed. The
distal and proximal heme pocket residues of
all the proteins are shaded. Cysteine residues
of PNP and HRP C are highlighted in inverse
text with the disulfide pairings indicated by
numerals. The ‘z’ at the N terminus of PNP
and HRP C indicates a PCA residue. Calcium
ligands of PNP are labeled with ‘+’.
Carbohydrate attachment sites of PNP are
labelled with ‘&’. The heterogeneous
C terminus of mature HRP C is indicated with
triangles [18]. cDNA sequences for HRP C
(OPRHC) [39] and PNP (A38265) [16] were
obtained from the PIR database. Coordinates
for CCP (2CYP) [6] and LIP (1LGA) [8] were
obtained from the Protein Data Bank [55]. The
APX coordinates (1APX) [7] were kindly
provided by William R Patterson. The
alignment was created with the aid of STAMP
[57], AMPS [58] and ALSCRIPT [59].
tryptophan. All of the known heme peroxidase structures,
with the exception of CCP, have a proximal cation. The
presence of this cation might help to increase the local
electrostatic environment of the tryptophan in APX and
hence, destabilize a cation tryptophan radical. 
The distal peroxide binding pocket of PNP is formed by
Arg38, Phe41 and His42 (Fig. 4). The distal pocket of LIP
also contains a phenylalanine at the position of Phe41 in
PNP, while CCP and APX have tryptophan at this posi-
tion. All the peroxidases have the distal arginine and histi-
dine residues. These two residues have been postulated to
work in concert in an acid–base catalyzed cleavage of the
peroxide O–O bond [26]. Site-directed mutagenesis work
shows that replacement of the histidine and arginine with
other residues lowers the rate of compound I formation by
five and two orders of magnitude, respectively [27,28].
Another conserved interaction is the hydrogen bond
between Nd1 of His42 and the side-chain oxygen of
Asn70. This hydrogen bond is thought to be important in
ensuring that Ne2 of the distal histidine is available to
accept a proton from the incoming peroxide molecule and
thus fulfill its function as an acid–base catalytic group [29].
Again, mutagenesis has shown that the Asn–His inter-
action is important for controlling the hydrogen-bonding
properties of the distal histidine [30]. The water molecule
appearing between the heme iron and the distal histidine
ligand (Fig. 4) refines to different positions in the two
molecules of the PNP asymmetric unit. This probably
reflects both weak localization of this solvent molecule
and the limited resolution of the structure. In both mol-
ecules the water is at least 3.1 Å from the iron, so that the
iron appears to lack a sixth ligand. 
Substrate access channel
It now is increasingly accepted that substrates interact
with peroxidases via the exposed heme edge. Chemical
modification with suicide substrate inhibitors [31] shows
that these substrate-like molecules covalently attach to
the d-meso heme carbon that is oriented towards the access
route leading to the heme pocket. It has long been antici-
pated that peroxidases, and especially the class III peroxi-
dases, will have an aromatic binding site in this region.
The distal pocket opening of PNP is, in fact, surrounded
by more hydrophobic and uncharged residues than that of
CCP or APX, particularly on the left side as depicted in
Figure 5. Residues lining this side of the opening include
Leu138, Pro139 (at the carboxyl end of helix D′), Ala140,
Pro141, Phe142, Phe143 and Leu236. Pro69 and Ala71 can
be found at the top of the opening, while at the bottom
right helix F′ contributes Gln175 (near the heme propi-
onate), Thr177 and Ala178. However, the substrate access
channel of PNP, like that of the other known peroxidase
structures, appears to lack any clearly distinguished pocket
which would constitute a specific binding site for aromatic
substrates. The substrate access channels of PNP, CCP
and APX all appear to be wide open; the channel of LIP is
the most restricted among the known structures. 
This raises the question of whether or not peroxidases
form true enzyme–substrate complexes prior to substrate
oxidation. Peroxidase substrates often exhibit poor
Michaelis–Menten kinetics and instead appear to undergo
second-order processes, especially in the reduction of
compound I. This seems to indicate that a specific, tight
enzyme–substrate complex is not required. In fact, such a
complex could be detrimental as the formation of a tightly
bound substrate radical after oxidation might lead to
enzyme inactivation. This is similar to what is seen with
radical suicide substrates [31,32]. 
Nevertheless, there is NMR evidence for aromatic sub-
strates binding near the heme edge in HRP [33]. One
favorite active-site probe is benzhydroxamic acid (BHA),
for which NMR studies indicate binding near the active
site [34]. BHA, however, mimics the substrate peroxide,
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Figure 4
The heme environment of PNP. In this view,
the distal heme pocket is above the plane of
the heme and the proximal pocket is below it.
The polypeptide and heme are green, solvent
atoms are blue, and the 2Fo–Fc electron-
density map is red. Surrounding residues have
been removed to improve clarity. The map is
contoured at 1s. (Figure prepared with
SETOR [56].)
and may form a hydrogen bond with the distal histidine
[34,35]. Hence, BHA is probably not a good model for
substrates that are confined to interact with the heme
edge. Overall, physical probes have been unable to estab-
lish the strong correlation between enzyme kinetics and
substrate binding necessary to support claims of a tradi-
tional enzyme pre-reaction complex for the majority of
peroxidase substrates. There does, however, appear to be
a good correlation between the redox potential of a sub-
strate and the rate at which it is oxidized. That is, those
substrates which are easier to oxidize react more rapidly
with the enzyme [36]. Therefore, peroxidase substrate
preference seems to be determined more by the thermo-
dynamic driving force of the reaction than by a more tradi-
tional mechanism involving the formation of a highly
specific pre-reaction complex.
Aside from the presence or lack of a specific substrate-
binding site, other properties of peroxidases may play a role
in substrate selectivity. For example, in CCP one com-
pound I oxidizing equivalent is stored on a buried trypto-
phan while in the other peroxidases, the porphyrin is
oxidized. As the tryptophan radical is not accessible, this
could explain why CCP is not an efficient peroxidase for
small aromatic substrates. Another important property rele-
vant to reactivity is the redox potential of compound I. LIP
is able to oxidize veratryl alcohol whereas other peroxidases
cannot. This could well be due to a higher redox potential
of LIP compound I and the low pH optimum of LIP [37],
because low pH generally favors reactions with higher
redox potentials. Many questions remain unanswered, but
there is now sufficient structural information to use as a
guide in designing experiments to address these questions.
Calcium sites
PNP contains both a distal and a proximal calcium ion,
and the calcium-binding sites are shared with the class II
peroxidases (Figs 2,6). The degree of conservation of the
cation sites is apparent in the distances between the
calcium atoms and the heme iron. In PNP, the proximal
calcium is 13.4 Å from the heme iron, the distal calcium is
16.0 Å from the iron, and the distance between the two
calcium atoms is 26.8 Å. The corresponding distances for
LIP are 13.3 Å, 15.7 Å and 26.5 Å respectively. In APX,
the proximal cation site is occupied by a potassium atom,
which is 13.5 Å from the heme iron.
Neither APX nor CCP binds a calcium ion on the distal
side of the heme. Compared with CCP, APX and LIP,
PNP has a much shorter loop separating the residues
which make up the distal calcium site (Fig. 6a,b). In PNP
the backbone carbonyl oxygen of Val46 serves as a calcium
ligand. Because LIP has a longer loop, it does not have a
residue in an equivalent position to PNP residue Val46. As
a result, that calcium ligand is mediated through a solvent
molecule. CCP has an insertion of an extra residue, Gly68,
which distorts the geometry of the CCP backbone in the
distal calcium region. APX also fails to bind a distal
calcium due to a lack of several key ligand side chains, but
it maintains the backbone configuration of LIP and PNP
in this region. A notable feature of CCP and APX is the
lack of charged side chains at the positions of Asp43 and
Asp50 in PNP, indicating that formal charge plays a crucial
role in cation binding. None of the class I or II peroxidases
contains the equivalent of the disulfide Cys44–Cys49 in
PNP, which forms a loop encompassing several of the
distal calcium ligand residues. 
The backbone conformation around the proximal calcium
is approximately conserved in all of these peroxidases —
even in CCP, which binds no metal cations (Fig. 6c,d).
CCP simply lacks the side-chain cation ligands. In CCP,
the proximal ‘calcium loop’ is stabilized by additional side
chain-to-peptide hydrogen bonds in the absence of suit-
able cation–ligand interactions. APX has the proximal
cation site, but the crystal structure of APX indicates that
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Figure 5
The substrate access channel of PNP. Side
chains are colored by residue type. Residues
behind the heme are clipped from view. The
glycosylation site of Asn144 is visible in the
lower left corner, but no carbohydrate is
shown. (Figure prepared with SETOR [56].)
this site is occupied by potassium rather than calcium [7].
CCP lacks both aspartate side-chain ligands found in
PNP, whereas APX lacks one of them. This may help to
account for the preference of APX for a monovalent ion at
this site. PNP contains an insertion of one residue
between calcium ligands Asp214 and Thr217 relative to
the other structures, although this insertion apparently has
no effect on the calcium ligation. 
Carbohydrate structure
The electron-density map clearly shows that residues
Asn60 and Asn144 of each molecule are glycosylated
(Fig. 7). This finding is consistent with the results of Wan
and van Huystee [38], who found glycosylation at Asn60,
Asn144 and Asn185. A single NAG moiety has been
modeled at Asn144 of molecule B. An attempt was made
to model a NAG residue at the same site in molecule A,
but this was abandoned due to high temperature factors.
The density at Asn60 was also not clear enough for
positioning of carbohydrate. 
The sugar attachment site at Asn144 is approximately
10 Å from the exposed d-meso heme edge; however, the
distal pocket opening is shielded from this glycosylation
site by the side chains of Phe142 and Phe143 (Fig. 5). The
carbohydrate might interfere with binding of large mol-
ecules to the face of PNP, but it seems unlikely that it
would influence the access of small-molecule substrates to
the heme edge. The possible glycosylation site next
closest to the exposed heme edge is Asn185, 17 Å away.
The crystal structure, therefore, seems to indicate that the
sugar groups should not have any effect on the activity 
of PNP, although glycosylation could conceivably affect
solubility, folding or stability of the enzyme. 
Implications for the structure of HRP C
As HRP C is the most studied of the class III peroxidases,
speculation may arise about how well the PNP structure
represents this and other class III peroxidases. The
sequence of HRP C [39] is aligned to that of PNP in
Figure 3. The sequence identity of PNP to HRP C is
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Figure 6
Calcium sites. (a) Distal calcium site of PNP with the equivalent
regions of CCP, APX and LIP superimposed. Colors are: CCP red,
APX green, LIP purple, and PNP gold. (b) Distal calcium site of PNP in
stereo with calcium ligands indicated by dotted lines. (c) Proximal
calcium site of PNP with the equivalent regions of CCP, APX and LIP
superimposed. Colors are the same as in (a). (d) Proximal calcium site
of PNP in stereo with calcium ligands indicated by dotted lines. (Figure
prepared with SETOR [56].)
50%, higher than that of any other peroxidase of known
structure, with many of the substitutions being conserva-
tive. In addition, all four disulfides are conserved. Cer-
tainly the overall fold of HRP should be identical to that
of PNP. The sequences align well with only three inser-
tions and a C-terminal extension of two or three residues
for HRP C. The longest insertion, of seven residues, falls
near PNP 185. This coincides with the loop joining
helices F′ and F′′, and could contribute additional
residues to either helix or both, or create a longer loop
between the helices. All three insertions, as well as the
C-terminal extension, are on the molecular surface and all
are sufficiently far (>15 Å) from the heme iron, so as not to
effect any significant changes in functionality of HRP C as
compared with PNP. 
All of the key residues on the proximal side of the heme
are conserved between PNP and HRP C: His170, Phe221
and Asp247 in HRP C should fill the roles of His169,
Phe213 and Asp239 in PNP. The closest potentially sig-
nificant difference is Asn175 in HRP C, which substitutes
for Ala174 in PNP. This residue falls near HRP Phe221,
on the side opposite the proximal histidine. While this
asparagine may not affect native function, it could influ-
ence interpretation of side-directed mutagenesis studies
aimed at Phe221 in HRP C. The key distal residues are
also conserved: His42, Arg38, Phe41 and Asn70 (number-
ing the same in both PNP and HRP C). All of the calcium-
binding ligands are preserved. 
A few changes, such as Phe68, Gly69, Arg178, Phe179,
and Met181 of HRP C in place of Gly68, Pro69, Thr177,
Ala178, and Arg180 of PNP could effect some change in
the lining of the substrate access channel (Fig. 5). The
glycosylation sites of HRP C at asparagine residues 13, 57,
158, 186, 198, 214, 255 and 268 [18] are all more than 15 Å
from the exposed d-meso edge of the heme, so that they
should not affect substrate interactions. In short, the PNP
structure should serve very well as a model for HRP C. 
Biological implications 
Peroxidases occur throughout the biosphere and
participate in a large number of essential oxidative
reactions. The homologous superfamily of heme per-
oxidases discussed here have been divided into three
classes based on biological origin and sequence align-
ments: class I, intracellular plant and bacterial perox-
idases; class II, secretory fungal peroxidases; and
class III, secretory plant peroxidases [5]. Plant perox-
idases participate in a wide variety of pathways,
including the synthesis of the cell wall components
lignin and suberin, metabolism of hormones such as
indole-3-acetic acid (IAA), stress response mecha-
nisms, and fatty acid metabolism [4]. 
Of the various peroxidases, the class III enzymes are
most readily available and have been more extensively
studied and used than other peroxidases. Their abun-
dance, together with the stability and distinguishing
spectral properties of the various peroxidase interme-
diates, led plant peroxidases to serve an important role
in the early development of modern enzymology [1].
The dramatic and measurable color changes accom-
panying the oxidation of certain peroxidase substrates
such as 3′,3′,5′,5′-tetramethylbenzidine is the basis for
various commercial applications, including bioassays.
Now that a number of peroxidases have been cloned
and expressed in recombinant systems, there is
growing optimism that peroxidases can be engineered
to further the study of structure/function relationships
as well to tailor these enzymes for specific practical
applications. Solution of the first class III (peanut)
peroxidase structure provides essential information
for advancing these efforts. We anticipate that the
peanut peroxidase structure, together with the other
known peroxidase structures, will provide the struc-
tural framework for addressing several outstanding
questions. Some of these include how and where sub-
strates bind, which factors control substrate selectivity
and how the protein controls the location of oxidizing
equivalents derived from peroxide. 
Materials and methods
Crystallization
The major cationic isozyme of peanut peroxidase was isolated and puri-
fied to homogeneity from cultured peanut cells according to proce-
dures reported by Sesto and van Huystee [40]. The enzyme was
crystallized as previously described [17]. To summarize, crystals were
grown by hanging drop vapor diffusion over a well of 12% PEG 4000
at pH 6.7, with drops consisting of 7 ml of a 15 mg ml–1 stock enzyme
solution, 2 ml of 0.1 M sodium phosphate buffer, and 7 ml of the
reservoir solution. Addition of 1 ml of 5% n-octyl-b-D-glucoside to 
the droplets significantly improved crystal quality. Crystals grew as 
clusters of thin plates, with plates reaching a maximum size of
0.5 ×0.5 ×0.1 mm3. Crystals belong to orthorhombic space group
P212121 with unit cell dimensions a=48.1 Å, b=97.2 Å and c=146.2 Å.
Calculations of possible solvent content [41] suggested two molecules
per asymmetric unit, an estimate which was later confirmed by the
molecular replacement solution. 
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Figure 7
Glycosylation sites of PNP. The model appears in thick black lines with
the 2Fo–Fc electron-density map in thin gray lines. (a) Asn60 of molecule
A. (b) Asn144 of molecule B. (Figure prepared with SETOR [56].)
Data collection
Data were collected from a single native crystal using a San Diego
Multiwire Systems two detector system [42] at Riverside with 898 mm
and 839 mm helium-filled crystal-to-detector paths. The X-ray source
was a Rigaku RU-200 rotating anode operating at 150 kV and 45 mA,
with a Supper (Charles Supper Co., Natick, MA) graphite crystal mono-
chromator. The data were processed using the programs of Howard et
al. [43]. The crystal was rotated through seven 60° sectors about the v
axis in increments of 0.1°. X-ray data statistics are listed in Table 1. 
Molecular replacement
Molecular replacement [44] was carried out with the program AMoRe
[45]. The successful search model consisted of a polyalanine model
based on APX residues 12–246 plus the heme, using reflection data
from 20.0–5.0 Å resolution. The successful placement appeared
seventh in the rotation function peak list and first in the translation
function peak list. The first-molecule translation function yielded a cor-
relation coefficient of 0.28 with an R-factor of 0.55. The next highest
peak had a correlation of 0.26. The top nine solutions from the transla-
tion function were each fixed and used to search for a translation func-
tion solution of the second molecule. The successful two-molecule
translation solution had a correlation coefficient of 0.34 with an
R-factor of 0.53. After rigid-body fitting, these values improved to 0.42
and 0.49 respectively. 
Heavy-atom derivatives and phase refinement
Data from five heavy-atom soaks were collected, but only one soak
proved to be successful. Small amounts (1 ml) of 10 mM heavy-atom
solution were added directly to the mother liquor, and the diffraction
data were collected 24–48 h later with the same equipment used for
the native data set. Analysis of difference Patterson maps was incon-
clusive; when the molecular replacement solution became available it
was used to phase difference Fourier maps. The only successful heavy-
atom derivative was K2PtCl4, which bound to His237 of each PNP mol-
ecule. Data for this derivative are listed in Table 1. The heavy-atom
parameters were refined with the CCP4 program MLPHARE [46,47].
No anomalous data were used. 
Phase extension
Model phases were calculated to 3.5 Å and combined with the heavy-
atom phases using CCP4 programs SFALL and SIGMAA [47,48]. The
combined phase set was refined and extended to 2.56 Å with solvent
levelling, histogram matching, non-crystallographic symmetry (NCS)
averaging, partial structural information and in some trials Sayre’s equa-
tion using MAGICSQUASH [49,50]. Several such rounds of phase
extension were carried out as the model phases improved. 
Model building and refinement
Starting from the APX polyalanine model, the PNP model was built
using FRODO [51]. Side chains were filled in as map quality allowed.
Model building sessions were interspersed with X-PLOR minimization
using the Engh and Huber parameters [52,53]. A subset including
10% of the reflections was set aside for the R-free calculation. The
X-ray refinement weight was kept low (~0.2 times the value recom-
mended by CHECK.INP) and weighted NCS restraints were main-
tained. All model building was done on molecule A, with this being
copied to molecule B for refinement (strict NCS constraints would
have been preferable, but at the time the primary author lacked familiar-
ity with that procedure in X-PLOR). After the first extensive round of
side-chain placement using the sequence of peanut peroxidase clone
PNC2 (PIR B38265) [16], minimization did not yield the expected
improvement in R-factor. Close examination of the map revealed that
the appropriate sequence was not PNC2 as previously reported [17],
but PNC1 (PIR A38265). With the proper sequence, model building
proceeded rapidly.
With residues 2–294, two calcium atoms and the heme in place, simu-
lated annealing refinement was carried out at 3000 K with X-PLOR
using 2s data in the range 10.0–3.0 Å, and the R-factor plunged to
0.237 with an R-free of 0.276. After a few model improvements and
the addition of 10 solvent molecules, the refinement was extended to
full resolution with a second round of simulated annealing. After the
annealing, the R-factor for 2s data in the range 10.0–2.56 Å was
0.233 with an R-free of 0.270. Strict NCS constraints were used for
both rounds of annealing, with group temperature factor refinement.
After the annealing, several additional rounds of model building and
minimization were carried out. This consisted mostly of flipping peptide
bonds and adding solvent atoms. Residue 1 was added to the
polypeptide and attempts were made to place a few sugar residues. At
this stage the side chain of Cys25, which had been included in the
model during annealing, was not apparent in the electron density of
either molecule and was replaced with alanine. To accommodate the
sugar placement and some crystal packing strain in surface loops, the
strict NCS constraints were released and replaced with weighted NCS
restraints. Group temperature factor refinement was retained. Waters
were placed where the electron-density maps indicated, if those posi-
tions were within hydrogen-bonding distance of other model atoms.
Waters which did not refine well were removed. 
Final model
The final model count of non-hydrogen atoms is 4376 protein, 86
heme, 4 calcium, 14 carbohydrate and 99 solvent atoms in the asym-
metric unit. The R-factor for the resolution range 10.0–2.56 Å with no
cutoff for s(F) (19 414 reflections) is 0.199, with an R-free of 0.262.
The model resolution is being listed as 2.7 Å due to the incompleteness
of the outermost shells. The root means square (rms) coordinate error
reported by SIGMAA [48] is 0.316. The rms deviation from ideal bond
lengths is 0.006 and from ideal bond angles is 1.418. PROCHECK
[54] indicates that for the 522 non-glycine and non-proline residues,
87.5% fall in the most favored regions of the Ramachandran plot with
12.1% in additional allowed regions, 0.4% in generously allowed
regions, and none in non-allowed regions. Superposition of the two
polypeptide models gives an rms deviation of 0.31 for Ca atoms and
0.59 for all atoms. The coordinates have been deposited in the
Brookhaven Protein Data Bank [55] with access code 1SCH. 




Maximum resolution (Å) 2.56 2.8
Outer shell (Å) 2.68–2.56 2.93–2.8
No. of observations 56 127 33 403
No. of unique reflections 19 674 14 685
All data
Completeness (%) 86 84
Outer shell 41 72
Data with F/sF>2
No. of reflections 18 691 14 232
Completeness (%) 82 81
Completeness (%), outer shell 35 68
Rsym* 0.086 0.054
Riso† – 0.14
RCullis‡ (acentric, 50–3.0 Å) – 0.97
Phasing power§ (50–3.0 Å)
Acentric – 0.42
Centric – 0.35
*Rsym=ShSi|<I(h)>–I(h)i|/ ShSiI(h)i, where I(h) is the intensity of
reflection h, Sh is the sum over all reflections and Si is the sum over all i
measurements of reflection h. †Riso=Sh|FPH–FP|/ ShFP, where FPH and
FP are the native and derivative structure-factor amplitudes,
respectively. ‡RCullis=lack of closure/isomorphous difference. §Phasing
power=FH/E, where E is the estimated lack of closure error.
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